Introduction
In advanced thin film transistor liquid crystal display devices (TFT-LCDs), alignment layers (ALs) are playing an ever-increasing important role for achieving a high-quality optoelectronic display [1] . The main function of AL materials is to align the rod-like liquid crystal (LC) molecules at a constant angle (so-called pretilt angle) to the local surface. Thus, when the electrical field is applied, the LC molecules can respond rapidly so as to result in a display effect. The characteristics of AL materials, including their abilities to achieve a proper pretilt angle for LC molecules, to achieve a high voltage holding ratio (VHR) and a low residual direct circuit voltage (RDC) value for the LCD devices, high thermal stability, high mechanical strength to resist rubbing process and their planarization ability are often taken into deliberate consideration in developing new generations of TFT-LCDs [2] .
Currently, polyimides (PIs) are one of the most important AL materials for TFT-LCDs due to their intrinsic high thermal resistance, good mechanical properties and unique LC alignment ability [3] . However, conventional wholly aromatic PIs suffer from their poor solubility in common solvents. Thus, in practice, they can only be used in the form of soluble precursors, poly(amic acid)s (PAAs). For example, in conventional twisted nematic LCD (TN-LCD) and super-twisted nematic LCD (STN-LCD) fabrications, wholly aromatic PAA solution is first spin-coated onto an indium tin oxide (ITO) substrate, and then the solution is imidized at elevated temperatures up to 300 o C to form the imidized PI alignment layer. However, the high curing temperature of PAAs often causes serious damage for the temperature-sensitive components in TFT-LCDs, such as the color filters which would be destroyed when the temperatures are higher than 230 o C [4] . Hence, PI alignment layers with low curing temperatures (<220 o C) have been developed in the past decades [5] [6] [7] .
Besides the curing temperature consideration, the high VHR and low RDC values of the devices are also highly desired for advanced TFT-LCD fabrication in order to achieve a highresolution display (high contrast, low image sticking, etc) [8] . VHR and RDC values of the TFT-LCD devices are influenced by many factors, including the characteristics of LC materials, the features of the PI alignment layers and the display modes of the devices. Among the factors, the effects of the chemical structures of the PI alignment layers are often critical. For instance, it has been well established that the highly conjugated molecular skeletons in wholly-aromatic PIs often lead to low VHR and high RDC values for the devices [9] . Thus, PI alignment layers with low conjugated structures have been paid increasing attentions.
Considering the above-mentioned structure-property relationship for PI alignment layers used for advanced TFT-LCDs, alicyclic or semi-alicyclic PIs have been confirmed to be the best candidates as AL materials up to now. Especially, semi-alicyclic PIs derived from alicyclic dianhydrides and aromatic diamines possess the best combined properties, including good thermal stability, good solubility in organic solvents, acceptable mechanical properties, good optical transparency, high VHR and low RDC values. Thus, semi-alicyclic PIs have been widely investigated as AL materials for advanced TFT-LCDs [10] [11] [12] . Figure 1 illustrates the developing trajectory of PI alignment layers with different kinds of display modes. In this chapter, a series of novel semi-alicyclic PI alignment layers were designed and synthesized. The designed novel PI materials are expected to show good solubility in organic solvents (thus low curing temperatures) and exhibit high VHR and low RDC values for TFTLCDs. For this purpose, a class of substituted-tetralin alicyclic dianhydrides was synthesized first via a low-cost route using maleic anhydride and substituted styrene compounds as the starting materials (Scheme 1). Then, a series of semi-alicyclic PIs were synthesized from the newly-developed dianhydrides and commercially available aromatic diamines. The effects of the structures of the semi-alicyclic PIs on their thermal stability and optical properties were investigated. At last, a series of test LCD cells with fringe field switching (FFS) mode were fabricated using the novel PIs as the alignment layers. The electrical characteristics (pretilt angle, VHR and RDC) of the cells were preliminarily studied.
Experiments

Materials
Styrene, p-methylstyrene, p-tert-butylstyrene and p-fluorostyrene were purchased from Tokyo Chemical Industry Co., Ltd., Japan (TCI) and used as received. It is unnecessary to remove the inhibitors in the chemicals. Maleic anhydride was obtained from Beijing Yili Fine Chemicals, China and used as received. 4,4'-Methylenedianiline (MDA, TCI, Japan) was recrystallized from ethanol and dried in vacuum at 80 o C overnight prior to use. 2,4-Diamino-(n-hexadecanoxy)benzene (16PDA) was synthesized in our laboratory and purified by continuous recrystallization from ethanol. Commercially available N-methyl-2-pyrrolidinone (NMP), N,N-dimethylacetamide (DMAc), cyclopentanone (CPA), γ-butyrolactone (GBL) and ethylene glycol monobutyl ether (butyl cellosolve, BC) were purified by distillation prior to use. The other commercially available reagents were used without further purification.
Measurements
Inherent viscosity was measured using an Ubbelohde viscometer with a 0.5 g/dL NMP solution at 25 o C. Absolute viscosity was measured using a Brookfield DV-II+ Pro viscometer at 25 o C. Fourier transform infrared (FT IR) spectra were obtained with a Tensor 27 Fourier transform spectrometer. Ultraviolet-visible (UV-vis) spectra were recorded on a Hitachi U-3210 spectrophotometer at room temperature. The cutoff wavelength was defined as the point where the transmittance drops below 1% in the spectrum. Prior to test, PI samples were dried at 100 o C for 1 h to remove the absorbed moisture. Yellow index (YI) and haze values of the PI films were measured using an X-rite color i7 spectrophotometer with PI film samples at a thickness of 30-40 μm in accordance with the procedure described in ASTM D1925 "Test method for yellowness index of plastics" and in ASTM D1003 "Standard test method for haze and luminous transmittance of transparent plastics", respectively. The color parameters were calculated according to a CIE Lab equation. L Solubility was determined as follows: 1.5 g of the PI resin was mixed with 8.5 g of the tested solvent at room temperature (15 wt% solid content), which was then mechanically stirred in nitrogen for 24 h. The solubility was determined visually as three grades: completely soluble (++), partially soluble (+), and insoluble (-). The complete solubility is defined as a homogenous and clean solution is obtained, in which no phase separation, precipitation or gel formation is detected.
The electrical characteristics, including VHR, RDC and pretilt angle values of the LC test cells were measured on a Toyo Model 6254 measurement system. VHR measurements were performed at LC test cells with a gap of 5-6 μm. The peak value of the square wave voltage and pulse duration was +5V and 60 μs, respectively. RDC measurements were performed using the "flick free" method. The test cells were first addressed with +5V direct circuit (DC) offset voltage for 3600 s. After the time, the +5V DC offset was switched off. The resulting flicker was monitored and the DC offset voltage was increased until the flickering was no longer visible. The compensating voltage was the residual DC voltage (RDC). Pretilt angles measurements were performed using the crystal rotation method with LC cells with a gap of 50 μm fabricated by anti-parallel rubbing process. The values of all measurements of VHR, RDC and pretilt angles are averages of at least 10 independent LC cells.
Monomer synthesis
3,4-Dicarboxy-1,2,3,4-tetrahydro-6-methyl-1-naphthalene succinic dianhydride (MTDA). Into a 500-mL three-necked flask equipped with a mechanical stirrer, a gas inlet and a condenser, 43.75 g (0.446 mol) of maleic anhydride, 80.60 g (0.682 mol) of p-methylstyrene, and 0.1138 g (0.5 mmol) of 2,5-di-tert-butyl hydroquinone were added. Nitrogen was introduced to remove the air in the system. Then, nitric oxide (NO) gas was introduced from a gas inlet placing under the surface of the reaction solution. The reaction mixture were heated to 120 o C and maintained for 5 h under an atmosphere of nitric oxide. The produced red-brown nitrogen oxide gas was trapped by passing through an aqueous solution of 20 wt% sodium hydroxide. An orange precipitate formed during the reaction. After the reaction, the mixture was cooled to room temperature and 60 ml of acetonitrile was then added. The reaction mixture was heated to reflux for another 0.5 h. Then, 60 ml of toluene was added and the reaction mixture was cooled to temperature. The produced white needle crystals were collected by filtration and the solid was washed with toluene and petroleum ether in succession. After 
3,4-Dicarboxy-1,2,3,4-tetrahydro-6-tert-butyl-1-naphthalene succinic dianhydride (TTDA).
The dianhydride was synthesized from p-tert-butylstyrene and maleic anhydride through a similar route to MTDA. The product was obtained as white crystals. Yield: 58.49 g (73.6%). 
3,4-Dicarboxy-1,2,3,4-tetrahydro-6-fluoro-1-naphthalene succinic dianhydride (FTDA).
The dianhydride was synthesized from p-fluorostyrene and maleic anhydride through a similar route to MTDA. The product was obtained as white crystals. Yield: 55.60 g (77.3%). 
Polyimide synthesis
The general procedure for the synthesis of PIs can be illustrated by the preparation of PI-8 (Table 1) . Into a 250 mL three-necked, round-bottomed flask equipped with a mechanical stirrer, a Dean-Stark trap and a nitrogen inlet, MDA (17.8434 g, 0.09 mol) and 16PDA (3.457 g, 0.01 mol) was dissolved in m-cresol (100 g) to give a clear diamine solution. Then, FTDA (31.825 g, 0.1 mol) was added in one batch and an additional volume of m-cresol (112 g) was added to wash the residual dianhydride, and at the same time to adjust the solid content of the reaction system to be 20 wt%. After stirring in nitrogen for 1 h, a mixture of toluene (230 ml) and isoquinoline (catalytic amount) was then added. The reaction mixture was heated to 180 o C and maintained for 6 h. During the reaction, the toluene-water azeotrope was distilled out of the system and collected in the Dean-Stark trap. After cooling to room temperature, the viscous solution was slowly poured into an excess of ethanol to yield a silky resin. 
Results and discussion
Monomer synthesis
Scheme 1 illustrates the synthetic procedure for the substituted-tetralin alicyclic dianhydrides. Four dianhydrides, including TDA (R=-H), MTDA (R=-CH 3 ), TTDA (R=-C(CH 3 ) 3 ) and FTDA (R=-F) were synthesized by the Diels-Alder reactions of R-substituted-styrene compounds and maleic anhydride followed by the rearrangement reactions of the intermediates. The yields are all higher than 70%. The styrene compounds were used as both of the reactant and the solvent. In the literature, TDA has been synthesized from styrene and maleic anhydride with a molar ratio of 2.1:1 [13] . Toluene and a flowing air (15 liters per hour) were used as the solvent and catalyst, respectively. The obtained TDA dianhydride needed to be purified by recrystallization from a toluene/acetone mixture to remove the oxidized by-products. In our experiments, the reductive nitric oxide (NO) gas was used instead of the oxidative air. The obtained dianhydrides have good purity and can be used directly for polymerization. Also, they can be further purified by dissolution in a good solvent of acetonitrile and then precipitated slowly by adding a poor solvent of toluene although the yields might be slightly sacrificed. Due to the low cost of the starting materials and the high synthesizing yields for the new dianhydrides, this route is a promising procedure reducing the high cost of the present alicyclic PI alignment layers (usually hundreds of dollars per li-ter). In addition, this reaction is easily to expand to a large scale. A scale of kilograms per batch has been successfully achieved in our lab. 
Polyimide synthesis
As shown in Scheme 2, three series, totally 9 species of PIs were designed and synthesized from TDA (PI-1~PI-3), MTDA (PI-4~PI-6), FTDA (PI-7~PI-9) and aromatic diamines (MDA and 16PDA) by a one-step, high temperature polycondensation procedure in m-cresol solution at a temperature of 180 o C. Introduction of C 16 long alkyl chain in the PI systems is mainly to induce the alignment of LC molecules [14] [15] [16] . The reaction proceeded smoothly during the polymerization, indicating good solubility of the reactants and the yielded PIs in the solvents. Table 1 presents the chemical formulations, inherent viscosities and molecular weights of the obtained PIs. The utilization of high temperature polycondensation procedure in the present work is mainly based on the fact that the two anhydride moiety in the substitutedtetralin dianhydrides might exhibit different reactivities due to the asymmetrical molecular structures of the monomers. High polymerization temperatures might eliminate the reactivity differentia of the anhydride units so as to obtain the PI resins with higher molecular weights. White or pale-yellow fibrous PI resins were obtained quantitatively, which had inherent viscosities of 0.81~1.03 dL/g for TDA-PIs (PI-1~3), 0.76~1.04 dL/g for MTDA-PIs (PI-4~6) and 0.69~0.97 dL/g for FTDA-PIs (PI-7~9), respectively (Table 1) . These values indicate that the current PIs possess moderate to high molecular weights, which can be further confirmed by the GPC measurements. As tabulated in Table 1 , the average numerical (M n ) and weight (M w ) molecular weights of the PI resins were higher than 17762 g/mol and 35356 g/mol, respectively. In addition, the PI resins exhibited a polydispersity index (M w /M n ) lower than 2.43. This indicates that the substituted-tetralin alicyclic dianhydrides exhibited good reactivity in polymerization with aromatic diamines. Flexible and tough PI films were obtained by casting their solutions in NMP followed by baking at elevated temperatures from 80-220 o C. All the films exhibited creasable nature and good tensile properties. For instance, PI-8 showed a tensile strength of 76 MPa, an elongation at break of 6.2%, and a ten-sile modulus of 2.2 GPa. Figure 4 presents the free-standing (left) and creased appearance of PI-8 film at a thickness of 25 μm. , due to the asymmetric and symmetric carbonyl stretching vibrations of the imide groups, and the absorptions at 1383 cm -1 assigned to the C-N stretching vibration of the imide structure are observed in all of the PIs. Typical 1 H NMR spectra of PI-7 and PI-8 are shown in Figure 6 . For both of the PIs, the spectra are clearly divided into two parts. One part is the aliphatic, alicyclic and methylene protons in the upfield region; the other part is the aromatic protons in dianhydride moiety (H 9 , H 10 and H 11 ) and diamine moiety (H 12 and H 13 ) in the lowfield region. Similarly, the two pairs of protons in methylene groups (H 2,3 and H 5, 6 ) exhibited individual absorptions in the spectra due to the different chemical environments of the protons in the polymers. 
Solubility
The solubility of PIs is summarized in Table 2 . All the PIs were easily soluble in polar aprotic solvents (NMP and DMAc), m-cresol, and γ-butyrolactone (GBL) at a concentration of 15 wt%. Among the PIs, those derived from MTDA (PI-4~PI-6) showed the best solubility due to the synergic effects of bulky tetralin moiety and pendant methyl substituent in the dianhydride unit, and flexible alkyl side chains in the diamine unit. PI-5 and PI-6 were even wholly soluble in dichloromethane at room temperature. In the same condition, the PIs derived from TDA or FTDA were only partially or not soluble in dichloromethane. The enhancement of the solubility of MTDA-PIs can be attributed to the more loose packing of the molecular chains induced by the substituents mentioned above. The effects of solid contents (S c ) on the viscosities (η) of the PIs were further investigated. This investigation is very important for applications of the PIs as alignment layers for TFTLCDs because a proper S c -η relationship for PI would be beneficial for its orientation to LC molecules. Figure 7 illustrates the correlations between the absolute viscosities and solid contents of PI-2, PI-5 and PI-8 solution in NMP. Although these three PIs were all soluble in NMP, the η values of the solutions were quite different. For instance, at the same solid content of 35 wt%, PI-2 had a η value of 26750 mPa.s, which was much lower than those of PI-5 (64440 mPa.s) and PI-8 (116000 mPa.s). Thus, in practical application, PI-2 is more suitable to be utilized to develop a soluble PI solution with a high solid content and at the same time a relatively low viscosity. However, for the applications as alignment layers for TFT-LCDs, in which the solid content of the PIs are usually lower than 15 wt%, all of the PIs developed in this work might be suitable because they all exhibit a relatively low absolute viscosities at a solid content of 15 wt% (PI-2: 150 mPa.s; PI-5: 200 mPa.s; PI-8: 160 mPa.s). 
Thermal properties
The effects of asymmetrical R-substituted tetralin structure in the dianhydride units and the C 16 long alkyl side chains in the diamine moieties on the thermal stabilities of the PIs were investigated by TGA and DSC measurements. Table 3 summarizes the thermal characterization of the polymers. Among the series, FTDA-PIs (PI-7~PI-9) exhibited the best thermal stability, which might be due to the higher bond energy of C-F compared to those of C-H (TDA) and C-C (MTDA). As can be seen form Figure 8a that the PIs exhibited single-stage thermal decomposition behaviors in nitrogen. However, they showed a two-stage thermal decomposition in air, as can be depicted in Figure 8b . For example, PI-2 showed a first thermal decomposition at about 400 o C in air. When the temperature increased, a second thermal decomposition occurred at 580 o C. The first thermal decomposition might be due to the oxidative cleavage of the C 16 long alkyl side chains at elevated temperature and the second one was attributed to the decomposition of the residual molecular skeleton of PI-2. Although the thermal stability of the cur-rent PIs is lower than that of common aromatic PIs (usually with a T 10% values >500 o C), it is high enough for their applications in TFT-LCD fabrications. 
Optical properties
It has been well established in the literature that the optical transparency of aromatic PI films can be efficiently improved by decreasing the formation of intra-and intermolecular charge transfer complexes (CTC) in the PI chains [17, 18] . When elaborately designed, color-less PI films can even be obtained [19] [20] [21] . Among various methodologies decreasing the CTC formations, introduction of alicyclic moiety either in the dianhydride or in the diamine moiety has been proven to be one of the most effective procedures.
In the present work, the tetralin-containing PI films were obtained as pale-yellow free-standing films. The optical properties of the films are summarized in Table 4 and the UV-Vis spectra of the MTDA-PI films are illustrated in Figure 10 . The PI films showed good optical transparency in the ultraviolet-visible light region with cutoff wavelengths lower than 300 nm. Some of the PI films, such as those derived from FTDA showed transmittances around 80% at 450 nm wavelength at a thickness of 10 μm. The good optical transparency of the PI films, on one hand, is attributed to the asymmetrical and bulky alicyclic tetralin structure in the dianhydride unit through steric hindrance. On the other hand, the high electronegativity of fluoro substituents in the dianhydride moiety is also beneficial for improving the optical transparency of the PI films by reducing the CTC formation.
The yellow index (YI) measurement results are shown in Table 4 and Figure 11 . YI is usually adopted as a criterion evaluating the color of a polymer film. This value describes the color change of a film sample form clear or white toward yellow. Lower YI value usually indicates a weak coloration for a polymer film [22] . As shown in Table 5 , PI-8 exhibited the lowest YI and Haze values compared with its analogs. This result correlated well with the results measured by UV-Vis measurements.
In summary, this low-color feature for the current PI films is desirable for their application as alignment layers for TFT-LCDs. 
Application in TFT-LCD fabrication
In order to investigate the practical application of the newly-developed alicyclic PIs as alignment layers for TFT-LCDs, a series of fringe field switching (FFS) mode [23, 24] liquid crystal cells (FFS-LCDs) were fabricated. PI-8 was chosen as the alignment layer due to its good combined properties. Figure 12 illustrates the LC cells fabrication procedure form monomer synthesis to devices. The cured PI-8 film was then rubbed with a nylon cloth-packed rubbing roller using the following parameters: radius of rubbing roller: 50 mm; rotation speed: 1000 rpm; pile impression: 0.32 mm and stage speed: 30 mm/s. Then, the FFS-LCD cells were assembled by two individual rubbed ITO glasses and the rubbing direction of the two glasses was anti-parallel to each other. For the pretilt angle measurements, the cell thickness was controlled to be about 50 μm by spraying spacers or glass fibers (50 μm) on PI-8 film surface; whereas for VHR and RDC measurements, the thickness was about 6 μm. The fabricated LC cells were sealed with a UV-curable epoxy sealant with two small filling holes left. LC molecules were then filled into the filling holes between the ITO plates via capillary action. The rod like LC molecules are thought to be oriented along the long alkyl chains pre-aligned by the rubbing treatments [25] , as illustrated in Figure 14 . Table 5 tabulates the electrical properties of the fabricated LC cells. The LC cells exhibited an average pretilt angle of 2.7°, which could meet the demands of the FFS-LCD applications. Meanwhile, a VHR of 98.2% and a RDC of 230 mV were also obtained. This result indicated that PI-8 alignment layer could endow the LC cells with a high VHR level; however, a few charge accumulations occurred in the LC cells. The RDC value of 230 mV is a bit higher than the desired value (<100 mV) for FFS-LCD applications. It has been well established that a high residual DC voltage value might result in an image sticking for the LCD devices [26] . Thus, the formulation and structural characteristics of PI-8 should be modified to reduce the RDC values as low as possible. As we know, as compared to the pre-imidized PI alignment agents, their precursors, poly(amic acid)s usually exhibited much lower RDC levels [27] . Thus, it might be a compromised procedure to combine the imidized PI-8 and its PAA solution so as to achieve a balance of high VHR and low RDC levels for the TFT-LCDs. The detailed investigations are being performed in our laboratory.
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Conclusions
As one of our continuous endeavors developing low-cost and high performance PI alignment layers for TFT-LCDs, a systematic experiment was performed from monomer design and synthesis, PI preparation and characterization to final devices fabrication. First, several novel semi-alicyclic dianhydrides containing substituted-tetralin moiety were synthesized via a low-cost route with good yields. Then, a series of PIs were prepared from the dianhydrides and aromatic diamines. The asymmetrical alicyclic structures in the dianhydride units destroyed the regularity of the PI molecule chains; thus enhances their solubility in common solvents. Meanwhile, this irregular packing of the PI chains is beneficial for the penetration of UV and visible light. Thus, a good optical transparency is achieved in the present PIs. Incorporation of the bulky alicyclic tetralin moiety in the dianhydride units did not deteriorate their thermal stability. More importantly, the current PIs showed good orientating ability to LC molecules. The LC cells with PI-8 as the alignment layer exhibited good optoelectrical properties.
Thus, the present semi-alicyclic PIs are considered to be promising alignment layers for TFT-LCDs. Research on the applications of the PIs in large area TFT-LCD monitors are in progress now. 
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